Nanobubbles on a hydrophilic surface immersed in water and ethanol are inferred from the response of the surface to two consecutive heat pulses with a variable separation time.
The concept of nano-dimensioned bubbles -nanobubbles -was first used to explain the long range discontinuities or steps in the attractive forces between hydrophobic surfaces observed during controlled separation of two surfaces initially in contact [1] . Nanobubbles have subsequently been conjectured to exert an important influence on a number of technological applications, for example as a means to promote slip at surfaces and reduce significantly the shear stress and drag [2] [3] [4] .
Because of the small size of nanobubbles, the information revealing their existence is circumstantial and indirect. Atomic force microscopy (AMF) operating in the 'tapping' mode revealed structures on silanated glass suggestive of nanobubbles between the two surfaces [5, 6] .
Later interpretation of these results by Evans et al. [7] noted that AFM measurements of adhesion forces could be explained by formation of a polydimethylsilane film created by condensation of atmospheric moisture on the surface. As further evidence of the evolving nature of the current understanding of nanobubbles and the metrology used to study them, Holmberg et al. [8] reported for the first time that AFM operating in the so-called 'contact mode' can be made to show the presence of nanobubbles by adjusting the scanning force.
The work describe here is motivated by the observation that nanobubbles have thus far only been observed on hydrophobic surfaces (ie., surfaces for which the contact angle in the liquid is greater than about 90º) as contrasted with hydrophilic surfaces (contact angle less than 90°) where no nanobubble-like structures are evident from AFM scans (e.g., [7] ). Hydrophilic surfaces are apparently not conducive to promoting bubble stability because bubble detachment and dissolution is favored as a surface becomes more hydrophilic [9, 10] . We expect that if nanobubbles can exist on hydrophilic surfaces they would be comparatively unstable and their appearance momentary. A process is required for understanding the presence of nanobubbles at a hydrophilic surface that is sufficiently rapid to reveal the influence of the bubbles during their short lifetime. We suggest here that bubble nucleation under pulse heating conditions provides such a process.
The procedure of the experiment is to impulsively heat a thin metal film immersed in a fluid for a controlled duration, τ (5µs in this case), using two consecutive heat pulses separated by a time, τ p . Differences between the evolution of surface temperature between the first and second pulses are used to infer the presence of nanobubbles at the surface. With impulsive heating, the influence of gas pockets in surface imperfections that can act as nucleation sites is minimized [11] . By adjusting τ p we observe a statistical variation of the nucleation temperature for the second pulse and a more chaotic arrangement of microbubbles at the surface that is conjectured to be due to metastable nanobubbles formed by collapse of bubbles after the first pulse. Analysis of bubble collapse predicts formation of shock waves [12, 13] and/or a damped collapse to a nonzero equilibrium size [14] under certain conditions, either process of which can be a mechanism to form much finer bubbles. We note that a double-pulse bubble nucleation process was also employed by Yavas et al. [15] to document a 'memory' (or reversible heating) effect for water in contact with a chrominum film. It was conjectured that 'metastable ultramicroscopic bubbles' formed during the first pulse were responsible for differences between the two pulses.
The primary modification is the capability to impose a second pulse after a time τ p . The heater between the resistance of the platinum film and temperature of the film, T f , and selecting the resistors in the bridge circuit so that the balance resistors are much larger than the potentiometer and platinum film resistors, it can be shown that
where ΔT = T f -T o , T o is a reference temperature (e.g., room temperature) and C is a constant. We thereby frame the discussion of platinum film temperature in response to V in entirely in terms of V out . For τ p > 10µs and V in was sufficiently low (i.e., < 3.85V), we found that the Pt heater returned to ambient temperature before the start of the second pulse since V out1 =V out2 . At shorter separation times the surface temperature had not cooled sufficiently, similar to high frequency periodic heating and short separation time conditions [21] .
We infer the presence of nanobubbles by comparing V out1 (t) and V out2 (t), with differences thought to be due to variations of surface conditions that are triggered by bubble nucleation.
Visualizations of bubble morphology during the heating pulses were also obtained to determine the extent of surface coverage of nucleated bubbles using a laser flash technique [17, 22] . The surface coverage of the observable microbubbles may be indicative of nanobubbles from whence the microscopic bubbles could have originated.
Figure 1(a) shows the evolution of V out1 and V out2 for two consecutive pulses with τ p = 30
µs and V in = 4.15V (for both pulses). For these conditions, there is no inflection in V out1 , V out1 (t)
≈V out2 (t) and single phase heating conditions prevail for both pulses. At V in = 4.25V observable differences of V out1 and V out2 arise as shown in figure 1b. An inflection point indicating bubble nucleation during both pulses is now present (signified by the horizontal line), and nucleation occurs much earlier for the second pulse compared to the first pulse. As a consequence V peak2 > V peak1 because the insulating effect of the bubble for the second pulse acts over a longer period on the surface compared to the first pulse.
The lower inflection point voltage for the second pulse in Figure 1 (b) suggests a difference in surface condition for the two pulses which we believe is brought about by the bubble collapse process associated with termination of the first pulse. We know that at 30µs the surface has cooled to ambient after the first pulse. High speed photomicroscopy shows that the time for observable collapse of a bubble formed under similar pulse heating conditions is on the order of a time slightly longer than τ [17,22]. The conjecture is that metastable nanobubbles formed as a result of collapse from the first pulse are distributed on the surface at the start of the second pulse. The bubbles are metastable because if we make τ p long enough, then V out1 (t)=V out2 (t) which signifies that the initial conditions for both pulses are identical. However this process may evolve, it would be a combination of bubble nucleation, growth and collapse at length scales similar to the intermolecular region the understanding of which may be benefit from molecular dynamics simulations [23] .
While V out1 (t) is stable and reproducible, we observe a statistical variation from pulse to pulse in V out2 (t). Figure 2 shows inflection point temperatures of ten consecutive double pulses for τ p =201.3 µs as a reference on a bare platinum surface in water. The inflection point temperature of the second pulse is significantly lower than for the first pulse. This variation suggests a statistical distribution of nanobubble sizes, with different nucleation temperatures being associated with different bubble sizes. As shown in figure 2, prior to bubble nucleation (i.e., single phase liquid for t < 209 µs) the response for all ten pulses is identical and the same as V out1 (t) indicating that nanobubbles are present. If a nanovapor barrier is present at the surface as described in [24] , it could perhaps produce a small change in both V out1 (t) and V out2 (t) while not effecting the difference between V out1 (t) and V out2 (t). orderly nucleation process at a specific location at the surface is shown for the first pulse ( figure   3(a) ) and the bubble size and location do not change from pulse to pulse. Photographs taken at later times (not presented here) showed bubbles that grew until they covered the entire surface, followed by collapse and disappearance after the heat pulse was turned off. Figure 3(b) shows images of bubbles formed during a second pulse triggered at τ p = 45 µs. The bubbles in Fig. 3(b) show significant randomness as to the location, size and number of microbubbles. We believe this randomness is responsible for the statistical variation of nucleation temperature illustrated in Fig. 2 . It is interesting that a 'rim' surrounds the microbubbles which form during the second pulse as shown in figure 3b , unlike for the bubbles formed during the first pulse ( Fig. 3(a) ). We are not sure why this rim forms but since it is only observed for the second pulse, the rims are evidently triggered by the differing surface conditions between the first and second pulses. 
where R would be the bubble radius, or a characteristic dimension of surface roughness, P(T) is the temperature-dependent pressure inside of the bubble, P o is the ambient pressure (1 atm in our study) and σ(Τ) is surface tension. We measured the surface roughness of our bare platinum films by AFM and found it to be about 1.3 nm. Surfaces that had been roughened by ion-beam treatment were also examined with corresponding roughnesses increasing to about 2.6 nm. For either value, and using the properties of water for illustration [26,27], we calculate a nucleation temperature that is much higher than measured indicating that roughness on this scale does not act as nucleation sites. Larger bubbles ( ~ 10 nm) produce calculated temperatures of about 254 °C which is consistent with surface temperatures produced by single pulse measurements in water [18] (i.e., τ p =∞).
The difference in the peak amplitudes,
, decreases with τ p as shown in Fig. 4 (V peak2 (15µs) is an arbitrary reference). The longest lifetime of the nanobubbles is observed for thiol and a Pt surface roughened by an ion-beam, the similarity of which suggests that roughening makes the surface more hydrophobic. Ethanol shows a comparatively shorter lifetime. All the fluids have V normalized =0 for τ p >1 ms. For hexane (data not shown in Fig. 4) , we found that V normalized =0 for the range of τ p examined which indicates that any effect from nanobubbles is completely suppressed. Analysis of bubble dynamics (in the bulk of a liquid) leads to a stability condition for bubble collapse to a finite size [14] . Hexane is farther from the stability condition than water or ethanol so hexane bubbles should more readily completely collapse. Furthermore, hexane wets better than water on platinum which should result in more pronounced penetration of hexane into surface features, possibly also displacing nanobubbles and, if so, reducing the influence of nanobubbles on the bubble nucleation process. That V normalized =0 for hexane is consistent with these trends.
In conclusion we have observed changes in the nucleation process of bubbles on a hydrophilic, pulse-heated, surface following the collapse of a bubble from a previous pulse.
These changes, which include depressed nucleation and higher peak temperatures, and statistical variations of bubble morphology for identical drive pulses, are suggested to be indicative of metastable nanobubbles that are present for about 1 ms.
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